Inflammasome activation has been shown to regulate both innate and adaptive immune responses. It is important to investigate whether immune-enhancing natural products can also activate inflammasome. The current study examined the potential of protein-bound polysaccharide-K (PSK), a hot water extract from Trametes versicolor, to activate inflammasome. Using THP-1 cells, we have demonstrated that PSK induces both pro-IL-1b and mature IL-1b in THP-1 cells in a caspase 1-and NLRP3-dependent manner. PSK also induces IL-1b and IL-18 in human PBMC. Cathepsin B is required for PSK-induced inflammasome activation as CA-074-Me, a cathepsin B inhibitor, significantly decreased PSK-induced IL-1b. PSK induces NLRP3 at both mRNA and protein level. Comparison of PSK-induced IL-1b in bone marrow-derived macrophages from wild type C57BL/6 mice, TLR2 -/-, P2X7R -/and NLRP3 -/mice demonstrated that PSK-induced IL-1b is dependent on both TLR2 and NLRP3. P2X7R is not required for PSK-induced inflammasome activation, but enhances PSK-induced caspase-1 activation and IL-1b induction. Altogether, these results demonstrated that PSK induces inflammasome activation and production of IL-1b in a TLR2-and NLRP3-dependent mechanism. These results provide novel insights into the mechanisms of the immune modulatory effects of PSK.
Introduction
It is now recognized that activation of the inflammasome and induction of IL-1b is a critical step in activating innate and adaptive immunity. 1 The inflammasome is a multi-protein complex within the cytosol that is comprised of a sensor, an adaptor and the pro-form of IL-1b converting enzyme, pro-caspase-1. The activation of inflammasome leads to caspase-1 activation involving the autocatalytic processing of pro-caspase-1 to caspase-1, which, in turn, can cleave pro-IL-1b and pro-IL-18 into their mature forms. 2, 3 The activation of inflammasome plays an important role in host protection by inducing immune responses and pyroptosis, which limit microbial invasion. 4 Inflammasome activation has also been shown to mediate the adjuvant activity of alumbased adjuvants. 5, 6 Furthermore, inflammasome activation and the release of IL-1b and IL-18 have been shown to have tumor protection effects. 7, 8 Protein-bound polysaccharide-K (PSK) is a partially purified hot water extract of Trametes (Coriolus) versicolor strain CM-101, and is one of the most widely used mushroom extracts. 9 This extract contains a mixture of b-glucan compounds ranging in size from 94 to 100 ku. The anti-tumor effect of PSK has been shown in animal models and some clinical trials in Asia. [10] [11] [12] [13] [14] [15] [16] A meta-analysis of data from 1094 patients showed that PSK as an adjuvant to chemotherapy improved both overall survival and disease-free survival of patients with colorectal cancer. 17 However, the mechanism of anti-tumor actions of PSK remained unclear. Our recent studies have demonstrated that PSK is a selective and potent TLR2 agonist. It has a potent anti-tumor effect that is dependent on both NK cells and CD8 T-cells. 18, 19 The effect of PSK on innate immune cells is represented by the induction of DC maturation of secretion of pro-inflammatory cytokines such as TNF-a, IL-12 and IL-6. 18, 20 PSK also enhances the adaptive immune response as shown by its ability to augment Ag-specific T-cell proliferation and IFN-g secretion when administered as an adjuvant to OVA peptide vaccine. 20 Given the important role of inflammasome activation in regulating immune response, natural products with immune stimulatory potentials are beginning to be investigated for their ability to activate the inflammasome. For example, the study by Kankkunen et al. 21 indicates that yeast (Saccharomyces cerevisiae) b-(1!3)-linked glucan can activate the NLRP3 pathway. 21 Although PSK contains different b-glucans (1!3/1!4/1!6-linkages), we hypothesized that PSK may also activate the inflammasome. The current study was undertaken to examine the potential of PSK to activate inflammasome and the mechanism.
Materials and methods Animals C57BL/6 mice, NLRP3 mutant mice (strain NLRP3tm1Hhf/j) and P2X7R mutant mice (strain P2rx7tm1Gab/J) were purchased from Jackson Laboratory (Bar Harbor, ME, USA) and maintained in our animal facilities. TLR2 À/À mice were originally obtained from Dr. Shizuo Akira. Dectin-1 À/À mice were originally obtained from Dr. Yoichiro Iwakura. Mice were maintained under specific pathogen-free conditions. All of the procedures were performed in compliance with the University of Washington Institutional Animal Care and Use Committee guidelines.
Reagents
RPMI culture media, PBS, penicillin-streptomycin (Pen-Strep), and L-glutamine were purchased from Invitrogen Life Technologies (Grand Island, NY, USA). FBS was purchased from Gemini Bioproducts (West Sacramento, CA, USA). Acetone was purchased from Fisher Scientific (Houston, TX, USA). ATP disodium salt hydrate was purchased from Sigma-Aldrich (St. Louis, MO, USA).
THP-1 cell culture and treatment
Human monocytic cell line THP-1 and THP-1/ NLRP3 def (deficient for NLRP3) were purchased from InvivoGen (San Diego, CA, USA) and maintained in RPMI-1640 with 10% heat-inactivated FBS and Pen-Strep. For Western blot analysis, the THP-1 cells were differentiated with 200 nM TPA for 3 h, 22, 23 then washed and re-suspended in serum-free RPMI with PSK (200 mg/ml) or LPS (100 ng/ml), and incubated for 1, 3, 6 or 24 h. To compare PSK-induced IL-1b in THP-1 and THP-1/NLRP3 def cells, the two cell lines were treated with various concentrations of PSK (0.5-1500.0 mg/ml) overnight (18-20 h) . The levels of IL-1b in the THP-1 cell culture supernatant were measured by using a cytokine reporter cell line HEK-Blue-IL-1b (InvivoGen) or by ELISA using a kit from eBiosciences (San Diego, CA, USA) following the manufacturer's instructions. To study the role of the cathepsin B inhibitor (CA-074-Me), the THP-1 cells were treated with CA-074-Me (20 mg/ml) for 1 h before the addition of PSK; then, the cells were incubated overnight and the culture supernatant was collected for measurement of IL-1b.
Acridine orange staining of lysosomes by FACS analysis
Assessment of lysosome integrity was done similarly to that described in Hornung et al. 24 THP-1 cells were labeled with acridine orange (1 mg/ml) for 15 min at 37 C and washed three times. Then, 2 Â 10 6 labeled THP-1 cells were treated with PBS and PSK (10, 50 or 250 mg/ml) overnight at 37 C. Cells were washed and run on FACS Canto II to evaluate lysosomal integrity, through the shift in acridine orange emission spectra. Data were analyzed using FlowJo software (Tree Star, Ashland, OR, USA).
Measurement of pro-IL-1 and IL-1 by Western blot
THP-1 lysate were prepared by using the RIPA lysis buffer (0.15 M NaCl, 1% NP-40, 0.1% SDS, 50 mM Tris pH 8.0) with protease inhibitors (cOmplete Mini; Roche, Mannheim, Germany). Proteins from THP-1 lysate or culture supernatant (precipitated with acetone) were separated on a 12% SDS-PAGE gel (Invitrogen) and transferred to a nitrocellulose membrane. The membrane was first probed with anti-IL-1b mAb (clone 3ZD, from NCI-FCRDC) and anti-bactin (clone 13E5; Cell Signaling Technology, Beverly, MA, USA). After washing, the membrane was incubated with HRP-labeled secondary Abs allowing the signal for IL-1b to be detected by enhanced chemiluminescence (SuperSignal West Pico; Thermo Scientific, Fremont, CA, USA). For b-actin, the membrane was incubated with Alexafluor-labeled secondary Ab and the signal was detected using LI-COR Odyssey.
Real-time RT-PCR analysis of pro-IL-1 and NLRP3 mRNA expression
Total RNA was extracted from THP-1 cells or PBMC treated with PSK (200 mg/ml for 1, 3, 6 or 24 h) using RNAqueous4PCR kit from Ambion (Austin, TX, USA). cDNA was synthesized using the Superscript III reverse transcription kit (Invitrogen). Real-time Taqman PCR was run on an ABI7900HT instrument using primer and probes from Applied Biosystems (Foster City, CA, USA). The levels of IL-1b and NLRP3 mRNA expression were normalized to b-actin using the delta Ct method as previously described. 25 
PBMC collection and treatment
Blood samples from healthy donors were collected by Astarte Biologics (Redmond, WA, USA) with informed consent under institutional review board-approved protocol. PBMC were isolated by Ficoll gradient centrifugation, suspended in RPMI with 10% human AB sera and Pen-Strep, placed in 96-well plates (3 Â 10 5 cells/well) and treated with serial dilutions of PSK overnight. The culture supernatant was analyzed for levels of IL-1b or IL-18 by ELISA. To determine the mechanism of inflammasome activation, various inhibitors were added to the culture medium 1 h before adding PSK. The PBMC were treated overnight, and the levels of IL-1b and TNF-a were analyzed by ELISA using kits from eBiosciences.
Culture and treatment of mouse bone marrow-derived macrophage
Mouse bone marrow-derived macrophages (BMM) were cultured using bone marrow from 6-10-wk-old mice following published protocols. 26 The bone marrow from femur and tibia of the hind legs were dissected and flushed with PBS. The bone marrow cells were passed through a 0.7-mm cell strainer, erythrocytes lysed by ACK lysis buffer, washed and re-suspended in medium containing complete RPMI 1640 (10% FBS, 50 mM b-ME, penicillin/streptomycin) and 30% of L929 cell-conditioned medium as a source of macrophage colony stimulating factor. Every 2-3 d, cells were washed twice with DPBS and fresh media was added for a total of 7 d incubation at 37 C with 5% CO 2 . FACS analysis has shown that these cells are F4/80 + and CD11b + . BMM were incubated with PSK (200 mg/ml) or LPS (1 mg/ml) for 6 or 24 h. When ATP (5 mM) was added, it was for the last 30 min of treatment. Then, the cells were lysed in RNA for later RNA extraction and RT-PCR analysis, or lysed in RIPA buffer for Western blot analysis. The culture supernatant was harvested for ELISA analysis of cytokine induction, or precipitated with acetone for Western blot analysis.
Statistical analysis
Statistical analysis was performed using GraphPad software (GraphPad, San Diego, CA, USA). Difference between two treatment groups was analyzed using the two-tailed Student's t-test or Mann-Whitney test. Correlation between two parameters was analyzed using Pearson correlation analysis. A value of P < 0.05 was considered statistically significant.
Results

PSK induces both pro-IL-1 and mature IL-1 in THP-1 cells in a caspase-and NLRP3-dependent manner
Treatment of THP-1 cells with PSK induces IL-1b at both mRNA and protein levels ( Figure 1A, B ). As shown in Figure 1A , PSK (200 mg/ml for 1, 3 or 6 h) induced IL-1b mRNA to a level that was comparable to LPS (100 ng/ml). Western blot analysis showed an induction of pro-IL-1b in THP-1 cell lysate after 3 or 6 h of PSK treatment and an induction of mature IL-1b in the cell culture supernatant after 6 h of PSK treatment ( Figure 1B ). ELISA analysis using culture supernatant also showed induction of secreted IL-1b after treatment with PSK or LPS for 6 or 24 h ( Figure 1C ). We also observed induction of active caspase-1 (p20) after 6 h of PSK treatment, which returned to baseline level after 24 h of treatment ( Figure 1D ). The presence of caspase inhibitor, z-VAD-FMK, significantly inhibited PSKinduced IL-1b production ( Figure 1E ). To examine the role of NLRP3 inflammasome, we used THP-1 cells deficient in NLRP3 and treated them side-byside with regular THP-1 cells with PSK (0.6-1500.0 mg/ml) for 24 h. As shown in Figure 1F , PSK failed to induce IL-1b in THP-1 cells deficient for NLRP3, demonstrating the induction of mature IL-1b by PSK is dependent on activation of NLRP3 inflammasome.
PSK induces both pro-IL-1 and mature IL-1 in human PBMC
Treatment of human PBMC with PSK (42 or 250 mg/ ml for 6 or 24 h) resulted in significant induction of IL-1b mRNA (Figure 2A ). PSK (0.6-1500.0 mg/ml, 24 h) also induced IL-1b at the protein level, as demonstrated by a concentration-dependent induction of secreted IL-1b in PBMC culture supernatant. The presence of z-VAD-FMK (10 mg/ml) significantly inhibited PSK-induced IL-1b production in PBMC ( Figure 2B ). In addition to IL-1b, PSK also induced IL-18 secretion in a dose-dependent manner, which was also inhibited by the presence of z-VAD-FMK ( Figure 2C) . 
Cathepsin B is required for PSK-induced IL-1 production
To investigate the mechanism by which PSK induces IL-1b, we first evaluated the role of cathepsin B, a lysosomal cysteine protease that can be released upon lysosomal disruption and bind to NLRP3 to induce inflammasome activation. 27 The presence of a cathepsin B inhibitor, CA-074-Me (20 mg/ml for THP-1 cells and 10 mg/ml for PBMC), significantly decreased PSKinduced IL-1b, in both THP-1 cells and PBMC ( Figure 3A ), but had a negligible effect on PSK-induced TNF-a ( Figure 3B ). To investigate the potential effect of PSK on lysosome, we used acridine orange staining as reported in the literature. 24 As shown in Figure 3C , PSK induces lysosome disintegration in a concentration-dependent manner. Interestingly, pretreatment of cells with bafilomycin A, an inhibitor of the vacuolar H-ATPase, did not affect PSK-induced IL-1b, indicating that PSK may induce cathepsin B release through other mechanism in addition to lysosome disintegration (data not shown). The complete cellular mechanism that triggers cathepsin B release remains to be investigated.
PSK up-regulates NLRP3 expression, and the induction of IL-1 by PSK is dependent on both TLR2 and NLRP3
It has previously been shown that NLRP3 expression is a limiting factor for NLRP3 inflammasome activation, 28 so we investigated the potential of PSK to induce NLRP3 expression. As shown in Figure 4 (A-C), PSK induces NLRP3 mRNA expression in THP-1 cells, PBMC and mouse BMM. Using Western blot, we confirmed that NLRP3 protein was also induced by PSK (200 mg/ml, 24 h) in BMM from wild type (WT) BL6 mice ( Figure 4D, E) . The induction of NLRP3 by PSK is significantly decreased in BMM from TLR2 À/À mice compared with WT mice. As expected, BMM from NLRP3 À/À mice had no detectable NLRP3 protein (Figure 4D, E) . We also compared the induction of pro-IL-1b and IL-1b by PSK in BMM from TLR2 À/À and NLRP3 À/À mice. As shown in Figure 4F , PSK only induced mature IL-1b (17 ku) in culture supernatant from WT BMM, but not in the culture supernatant of BMM from TLR2 À/À or NLRP3 À/À mice. Analysis of BMM cell lysate showed that the induction of pro-IL-1b by PSK was decreased in BMM cells from TLR2 À/À mice, but not decreased in BMM from NLRP3 À/À mice. These data suggest that the failure of PSK to induce IL-1b in TLR2 À/À mice occurs at the pro-IL-1b level, while the failure of PSK to induce IL-1b in NLRP3 À/À mice occurs at the processing step, where pro-IL-1b is cleaved to mature IL-1b. ELISA analysis of culture supernatant from the different BMM cultures confirmed that PSK-induced IL-1b is significantly decreased in BMM from both TLR2 À/À and NLRP3 À/À mice compared with WT BL6 mice ( Figure 4G) . Thus, the induction of IL-1b by PSK requires both TLR2 and NLRP3. We have previously shown that PSK does not activate TLR4, 18 so the activation of NF-kB and induction of pro-IL-1b is not due to LPS contamination. It has previously been reported that b-glucaninduced NLRP3 inflammasome activation is dependent on the dectin-1/Syk signaling pathway. 21 Because PSK contains b-glucan, we questioned whether dectin-1 may be involved in PSK-induced inflammasome activation and IL-1b production. We used splenocytes from WT, TLR2 À/À and dectin-1 À/À mice, and treated them sideby-side with different concentrations of PSK. As shown in Figure 4H , PSK-induced IL-1b is comparable between WT and dectin-1 À/À mice, but significantly decreased in TLR2 À/À mice, demonstrating that TLR2, but not dectin-1, is involved in PSK-induced IL-1b. PSK is a hot water extract and mainly contains soluble b-glucan. Our finding that PSK does not activate dectin-1 is consistent with a previous report that particulate, but not soluble, b-glucan activates dectin-1. 29 Potassium efflux contributes to PSK-induced IL-1, but P2X7R is not required It has previously been shown that potassium efflux may be a common trigger for NLRP3 inflammsome activation, 30 so we tested whether PSK-induced IL-1b may be inhibited by the blockade of potassium efflux. As shown in Figure 5 (A, B) , the use of extracellular KCl (25 or 50 mM) significantly decreased PSK-induced IL-1b in PBMC, without affecting PSK-induced TNF-a. It should be noted that even the high concentration of KCl (50 mM) did not completely block PSK-induced IL-1b. To further explore the role of potassium efflux, we used P2X7R À/À mice, which are deficient for the purinergic ATP-gated P2X7 receptor. P2X7R can act as an ion channel to release intracellular potassium triggering NLRP3 inflammasome activation. 31, 32 Interestingly, comparison of PSK-induced IL-1b in BMM from WT and P2X7R À/À mice by ELISA showed no significant difference in IL-1b released into the culture supernatant ( Figure 5C , black columns). However, there was significant augmentation of PSKinduced IL-1b by the addition of ATP, in WT but not P2X7R À/À mice ( Figure 5C, slashed columns) . In comparison, addition of ATP did not affect PSK-induced TNF-a induction ( Figure 5D ). These results indicate that the activation of P2X7R via ATP is not required, but instead can enhance PSK-induced inflammasome activation and IL-1b production. Western blot analysis confirmed that the induction of pro-IL-1b by PSK in the BMM cell lysate is not significantly increased by the addition of ATP. Only the induction of mature IL-1b in culture supernatant is significantly increased in BMM culture supernatant from WT mice, but not from P2X7R À/À mice ( Figure 5E ). Consistent with the enhanced IL-1b induction, there was significantly enhanced caspase-1 activity when ATP was added after PSK treatment ( Figure 5E ).
Discussion
Results from this study demonstrate, for the first time, that PSK can activate NLRP3 inflammasome to produce mature IL-1b. Further, we showed that PSKinduced IL-1b production is dependent on both TLR2 and NLRP3, and requires cathepsin B. These new data, together with our previous finding that PSK activates TLR2, demonstrate that this mushroom extract can modulate immune response at multiple levels, via stimulating both extracellular PRR (TLR2) and intracellular pathogen sensors (NLRP3 inflammasome).
It is generally believed that production of IL-1b and IL-18 requires two signals. Signal one is from TLRdriven NF-kB activation and synthesis of pro-IL-1b and pro-IL18. Then, a second signal, such as ATP release or potassium efflux, is required for activation of the inflammasome. Our results suggest that PSK treatment is sufficient to produce both signals. Treatment of THP-1, PBMC or BMM with PSK not only induces pro-IL-1b, but also activates caspase-1, which cleaves pro-IL-1b to mature IL-1b. Indeed, results from P2X7R À/À mice suggest that P2X7R activation is not required for PSK-induced IL-1b. This observation is consistent with a recent report from the Nunez group that TLR agonists can stimulate NLRP3dependent IL-1b production independently of P2X7R. 33 Of note, the addition of ATP that triggers K + efflux significantly enhanced the IL-1b induction by PSK. Western blot data suggest a significant induction of caspase-1 and enhanced cleavage of pro-IL-1b to IL-1b in the presence of ATP ( Figure 5 ). It should be noted that PSK is frequently used in cancer patients as an adjuvant to chemotherapy, which can induce ATP release. 34 Therefore, the in vivo induction of IL-1b is probably a result of combined PSK and ATP stimulation. PSK not only induces IL-1b, but also induces IL-18, also known as the IFN-g inducing factor. Studies in the infectious disease setting have shown that inflammasome activation and induction of IL-1b and IL-18 contribute to the activation of T-cells and NK cells. 35, 36 We hypothesize that inflammasome activation and IL-18 induction may also play a role in PSK-induced NK cell activation. Indeed, our previous publication has shown that the effect of PSK on human NK cell activation is mostly indirect and requires IL-12 secreted by accessory cells such as DC and monocytes. Based on the current finding that PSK induces IL-18, we think IL-18 probably works synergistically with IL-12 in PSK-induced NK cell activation.
Inflammasome activation has also been shown to play an important role in the adjuvant activity of aluminum, the most commonly used vaccine adjuvant. 5, 6 A recent publication has shown that PSK stimulates the proliferation of Ag-specific T-cells when used as an adjuvant to ova peptide vaccine. 20 Unpublished data showed that the generation of ova-specific Ab was also enhanced by PSK. The role of inflammasome activation in this adjuvant effect of PSK is currently under investigation.
Our finding that PSK activates the NLRP3 inflammsome not only improves our understanding of the immune modulatory activity of PSK, but also has important implication as for human clinical studies on PSK. Specifically, we hypothesize that a single nucleotide polymorphism (SNP) in the NLRP3 gene, which has recently been reported, 37,38 may affect the clinical response to PSK. For example, the gainof-function alteration in Q705K in NLRP3 has been shown to result in excessive IL-1b and IL-18 production. 38 This extra amount of pro-inflammatory cytokines may lead to a better anti-tumor effect. However, this might be detrimental owing to an uncontrolled inflammation. Currently, there are two planned clinical trials in the USA evaluating the immune stimulatory potential of PSK, one in prostate cancer patients using PSK in combination with docetaxel and the other one in breast cancer patients in combination with trastuzumab and a HER2-targeted peptide vaccine. Results from this study would suggest the inclusion of NLRP3 SNP analysis in the clinical immune monitoring.
In summary, this study shows, for the first time, that PSK, a widely used mushroom extract, can activate the NLRP3 inflammasome and induce IL-1b in a TLR2-and NLRP3-dependent manner. This information suggest that the pro-inflammatory and Th1 polarizing effects of PSK are not only due to the activation of TLR2/MyD88 and NF-kB driven cytokine synthesis, but also due to caspase-1 activation and cleavage of pro-IL-1b and pro-IL-18 to their mature form. This significantly improves our understanding of the mechanism of the immune stimulatory effects of PSK.
